Abstract. Inducible nitric oxide synthase (iNOS) is a potential target for the treatment of inflammation and cancer. Previously, we showed that the selective iNOS inhibitor S,S '-1,4-phenylenebis(1,2-ethanediyl)bis-isothiourea (PBIT) caused significant inhibition of colon carcinogenesis induced by azoxymethane (AOM), although it did not completely abrogate NO production due to the exogenous bioavailability of NO and NO generation by eNOS in tumor tissues. To create an iNOS-targeting molecule that may have additional benefits, a novel isosteric analog of PBIT, PBI-Se, was developed, in which sulfur was replaced with selenium. Chemopreventive efficacy of PBI-Se was evaluated in an AOM-induced rat colon carcinogenesis model using aberrant crypt foci (ACF) as the endpoint. At 7 weeks of age, rats (12/group) were fed the control diet (AIN 76A) and then colonic ACF were induced with two AOM treatments. Three days later, rats were fed diets containing PBI-Se (0-20 ppm) for 8 weeks, and then ACF were evaluated histopathologically. Dietary administration of 10 or 20 ppm of PBI-Se significantly suppressed AOM-induced total colonic ACF formation (32 or 41%, P<0.002-0.0003), and multicrypt (4 or more) aberrant foci (29 or 47%, P<0.01-0.0004), respectively. The inhibition by PBI-Se was dose-dependent and was half the dose of PBIT for inhibiting total ACF in rats. Both PBIT and PBI-Se induced dose-dependent apoptosis in CaCo2 cells and caused a significant decrease in the cell cycle proteins cyclin D1 (70%, P<0.0001) and iNOS (99%, P<0.0001). Treatment with PBIT (30 and 60 µM) and PBI-Se (2 and 4 µM) significantly decreased the LPS-induced cytokine interleukin-6 level. Incorporation of selenium into the structure of PBIT provided the agent with additional novel cytotoxic and immunologic properties. Results from the in vitro and in vivo bioassays suggest that PBI-Se could be developed further for the prevention and treatment of colon cancer.
Introduction
Colon cancer is the second most common cancer diagnosed in both men and women in the United States, resulting in ~55,000 deaths a year (1) . It is considered one of the most preventable types of cancers as several modifiable environmental factors have been identified to play important roles in the development of this disease. These include specific dietary components such as selenium, an important micronutrient that can protect colonic cells against a wide range of external and internal stressors. Selenium has been reported to inhibit the growth of malignant colonic cells as well as to induce their demise.
Control of inflammatory conditions can also impact colon carcinogenesis. Inflammation favors tumorigenesis by stimulating angiogenesis (2) , damaging DNA (3, 4) , and chronically stimulating cell proliferation (5, 6) . Proinflammatory genes have been shown to be important for the maintenance and progression of colorectal cancer (CRC) (7) . Proinflammatory cytokines bind to specific receptors and activate various signal transduction pathways in the epithelial cells as well as in interacting immune cells, leading to upregulation of prostaglandin synthase 2 (PTGS2), interleukin (IL)-4, IL-6 and IL-8 genes (8). These genes have been shown to exhibit proinflammatory activity in the intestine (9, 10) . These findings support the regular use of non-steroidal anti-inflammatory drugs (NSAIDs) such as aspirin or ibuprofen, which are associated with a 40-50% decrease in the relative risk for colon cancer (11) .
Nitric oxide (NO) has been implicated in the carcinogenic process, particularly in colon or intestinal epithelial cell lines (12, 13) and in the known impairment of regulatory processes in these cells (14) . The calcium-independent, inducible form of nitric oxide synthase (iNOS) can be induced in many different cell types by cytokines and bacterial lipopolysaccharides (LPS). Once expressed, iNOS can produce sustained and substantial amounts of NO, which can be cytotoxic (15, 16) . Recently, natural and synthetic drugs that inhibit iNOS and both the NF-κB and STAT3 pathways (17) Chemopreventive effects of PBI-Se, a selenium-containing analog of PBIT, on AOM-induced aberrant crypt foci in F344 rats have been shown to reduce intestinal inflammation in patients and in rodents with inflammatory bowel disease (IBD). Chemically induced colonic inflammation and formation of aberrant crypt foci (ACF, early precursor lesions of colon cancer) also were diminished in animal models administered the iNOS inhibitor S,S'-1,4-phenylenebis (1,2-ethanediyl) bisisothiourea (PBIT) (18) .
To create a more potent compound for inhibition of colon cancer, a novel isosteric analog of PBIT, S,S'-1,4-phenylenebis(1,2-ethanediyl)bis-isoselenourea (PBI-Se) was synthesized, in which sulfur was replaced with selenium. Incorporation of selenium into the structure of PBIT provided the agent with additional novel properties at very low concentrations. To investigate the efficacy of these iNOS inhibitors for CRC, we first examined the effect of PBI-Se and PBIT on the well-differentiated human intestinal epithelial Caco-2 cell line stimulated with a defined cytokine mixture (consisting of interferon γ (IFNγ), interleukin (IL)-1β and tumor necrosis factor α (TNFα) or with lipopolysaccharide (LPS) and monitored inhibition of growth, induction of apoptosis, and production of key proinflammatory signaling molecules (IL-8 and IL-6). Most human intestinal cell lines studied are poorly differentiated under standard growth conditions. The Caco-2 cell line is considered to resemble normal intestinal epithelial cells (19) . LPS and the cytokine mixture have been shown to increase IL-8, IL-6 and iNOS production (20, 21) . We also examined the chemopreventive efficacy of PBIT and PBI-Se in an azoxymethane (AOM)-induced rat colon carcinogenesis model using ACF as an endpoint biomarker, and we tested the influence of PBI-Se on immune cells.
Materials and methods
Cell culture and reagents. Caco-2 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and used between passages 30 and 35. Cells were grown in Dulbecco's modified Eagle's medium (DMEM) with 4 mM L-glutamine, 20% heat-inactivated foetal bovine serum (FBS) and 1% non-essential amino acids. Cells were cultured at 37˚C in a water-saturated atmosphere of 95% air and 5% CO 2 , re-fed every 2 days and passaged weekly. Caco-2 cells were used at 21 days after confluence as indicated, to permit differentiation. PBIT and PBI-Se were provided by Dr Dhemant Desai and were dissolved in phosphate-buffered saline (PBS). The primary antibodies for cyclin D1 and proliferating cell nuclear antigen (PCNA) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The anti-rabbit antibody and ECL detection system were from Amersham (Arlington Heights, IL, USA). Ethidium bromide and acridine orange were from Sigma (St. Louis, MO, USA).
Cell induction and treatment. Cells were grown as indicated above. At ~70% confluence and 21 days, cultures were switched to serum-free medium for 24 h. The serum-free medium was removed and the cell monolayer was washed with PBS (pH 7.4) prior to addition of cytokines and LPS with PBIT or PBI-Se in fresh medium without serum. Based on a previous study (21) , the cytokine concentrations used for induction were IFNγ (200 µg/ml), IL-1β (5 ng/ml) and TNFα (100 ng/ml); the LPS concentration was 1 µg/ml.
Assay of the effect of PBI-Se and PBIT on cell viability.
After teatment with PBIT or PBI-Se, cells were harvested and dissociated in a solution of 0.25% trypsin and 3 mM ethylene diamine tetraacetic acid (EDTA) in PBS, pH 7.4 (without calcium and magnesium). Trypan blue was added and cells were counted with a hemocytometer. Only cells that excluded the dye were counted as viable. Results are expressed as the number of viable cells/ml.
Detection of apoptosis. Cells were exposed to PBIT (0, 30, 60 and 100 µM) and PBI-Se (0, 2, 4 and 6 µM) for 24 h. Acridine orange/ethidium bromide (1 µl of a stock prepared from one part each of 100 µg/ml acridine orange and 100 µg/ml ethidium bromide in PBS) was added to the cell suspension (25 µl; 5x10 6 /ml) just before microscopy. A 10-µl aliquot of the gently mixed suspension was placed on microscope slides, covered with glass coverslips, and examined under an Olympus AX71 microscope connected to a digital imaging system with SPOT RT software version 3.0. Cells were scored according to the following categories: C1, cells with large, green, non-condensed nuclei defined as non-apoptotic, viable cells; C2, cells with red/orange nuclei showing signs of nuclear bead formation defined as apoptotic cells; and C3, cells with large red nuclei not showing signs of nuclear condensation or bead formation defined as necrotic cells. At least 200 cells per sample were counted and scored. The apoptotic index (%) was calculated by dividing the sum of apoptotic cells (C2) x 100 by the total number of cells scored.
Reverse transcription-PCR for IL-6 and IL-8.
Caco2 cells were treated with cytokine mixture and LPS plus subtoxic concentrations of PBIT and PBI-Se for 24 h. Total RNA from the treated and untreated samples was extracted using ToTally RNA™ kit (Ambion) as per the manufacturer's instructions. Equal quantities of DNA-free RNA were used for reverse transcription reactions for cDNA conversion using the SuperScript™ Reverse Transcriptase (Invitrogen). PCR conditions for IL-8 amplifications were denaturation at 94˚C for 2 min, followed by 50 cycles at 95˚C for 15 sec, 55˚C for 10 sec and 72˚C for 20 sec; PCR conditions for IL-6 consisted of denaturation at 95˚C for 30 sec, annealing at 62˚C for 40 sec and extension at 72˚C for 40 sec for 36 cycles. PCR was performed using the Taq Polymerase Master Mix (Qiagen, Inc.). The PCR products were visualized and photographed under UV illumination. The primer sequences used were as follows: IL-6 (628 bp), 5'-ATG AAC TCC TTC TCC ACA AGC GC-3' (sense) and 5'-G AAG AGC CCT CAG GCT GGA CTG-3' (antisense); IL-8 (295 bp), 5'-ACT TCC AAG CTG GCC GTG GCT CTC TTG GCA-3' (sense) and 5' TGA ATT CTC AGC CCT CTT CAA AAA CTT CTC-3' (antisense).
Detection of PCNA and cyclin D1 by western blotting.
Expression of PCNA and cyclin D1 proteins was analyzed in CaCo2 cells. After treatment with PBIT and PBI-Se for 24 h, cells were harvested and lysed in lysis buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride (PMSF)] on ice. After centrifugation, supernatants were collected and the protein content was measured using a Bio-Rad protein assay kit with bovine serum albumin (BSA) as a standard. Equal amounts of protein from each extract were separated via polyacrylamide gel electrophoresis (PAGE) in 8% sodium dodecyl sulfate (SDS) and transferred onto nitrocellulose membranes (Toyo Roshi Kaisha, Ltd., Tokyo, Japan) using the Bio-Rad electrotransfer system. Blots were blocked by incubating in 5% milk with Tris-HCl (pH 7.5) and 0.1% Tween-20 for 1 h at room temperature and probed overnight at 4˚C with rabbit anticyclin D1 polyclonal antibody (Santa Cruz Biotechnology) for cyclin D1 protein and mouse anti-PCNA monoclonal antibody (Santa Cruz Biotechnology) for PCNA. Antibodies were diluted 1:1,000 with 5% milk in Tris-HCl (pH 7.5) and 0.1% Tween-20. The immunoblots were then probed with horseradish peroxidase-conjugated anti-rabbit IgG for cyclin D1 and horseradish peroxidase-conjugated anti-mouse IgG for PCNA [1:2,000 diluted with 5% milk in Tris-HCl (pH 7.5)]. After the final wash, the signal was detected with an enhanced chemiluminescence kit (Pierce Biotechnology, Inc., Rockford, IL, USA).
In vivo experiments
Animals, diet and care. All animal experiments were carried out in accordance with the NIH guidelines and the University of Oklahoma Health Sciences Center Institutional Animal Care and Use Committee approved protocol. Male F344 rats were obtained from Harlan Laboratories, housed under standardized conditions (21˚C, 60% relative humidity, 12 h light/12 h dark cycle, 20 air changes/h), and fed a standard laboratory rodent chow and drinking water through reverse osmosis until initiation of the experiment. Prepared diets were based on the modified AIN-76A containing 5% corn oil by weight (American Institute of Nutrition). The experimental diets contained 0.001% (10 ppm) or 0.002% (20 ppm) PBI-Se.
PBI-Se was premixed with a small quantity of casein and then blended into the bulk diet using a Hobart Mixer. Both control and experimental diets were prepared weekly and stored in a cold room. Rats were allowed ad libitum access to the respective diets and tap water.
Experimental design for the efficacy of PBI-Se. The experiment was designed to evaluate the efficacy of 0, 10 and 20 ppm of PBI-Se administered continuously starting 3 days after carcinogen treatment. The dose selection was based on our maximum tolerated dose (MTD) study. At 7 weeks of age, groups of rats [n=12 rats per treatment group, 12 AOM-treated plus 6 vehicle (saline)-treated] were fed the control diet. At 8 weeks of age, rats intended for carcinogen treatment were injected s.c. with azoxymethane (AOM; Midwest Research Institute, Kansas City, MO, USA) at a dose rate of 15 mg/kg body weight once weekly for 2 weeks, and those intended for vehicle treatment received an equal volume of normal saline. The experimental diets were initiated 3 days later and continued until termination of the experiment 8 weeks later (Fig. 1 ). Rats were sacrificed by CO 2 euthanasia, and all organs were examined grossly. Colons were evaluated for aberrant crypt foci (ACF). For this evaluation, they were slit open lengthwise from the anus to the ceacum and then fixed flat with the mucosa on the upper side between filter papers in 10% buffered formalin.
Quantification of ACF.
Topographical analysis of the colonic mucosa was carried out according to Bird (22) and our previous report (23) . After a minimum of 24 h, fixed colons were stained with 0.2% methylene blue solution for 5-10 min, placed mucosal side up on a microscopic slide, and viewed under a light microscope. The total number of ACF in the entire colon was determined in every 2-cm section of the colon, starting from the distal (taken as 0 cm) to the proximal end of the colon. Aberrant crypts were distinguished from the surrounding normal crypts by their increased size, increased distance of cells from lamina to basal surfaces, and easily discernible pericryptal zone. The variables used to assess the aberrant crypts were incidence and multiplicity. Aberrant crypt multiplicity was determined as the number of crypts in each focus and categorized as containing up to 4 or more aberrant crypts per focus.
Giemsa staining of the spleens. Spleens from untreated and treated animals were fixed in formalin, sectioned (4 µm), and stained with Giemsa to enumerate the number of polymorphic nuclear cells (PMNs). The percentages of PMNs were calculated relative to control untreated spleens.
Statistical analysis. All the results are reported as the means ± SE. Statistical differences between control and treated groups were evaluated using the unpaired t-test with Welch's correction. Differences between groups were considered significant at P<0.05.
Results

Effect of PBIT and PBI-Se on the proliferation of Caco2 cells.
Caco2 cells were exposed for 24 h in the presence or absence of a cytokine mixture (IL-1β, TNFα + IFNγ), or to LPS and to PBIT (0-100 µM) or PBI-Se (1-12 µM). As shown in Fig. 2A and B, both iNOS inhibitors caused dose-dependent growth inhibition as determined using a Trypan blue dye exclusion assay. After 24 h of exposure, 50% inhibition of cell growth was achieved at 40 µM PBIT or at 4 µM PBI-Se. PBI-Se induced significant toxicity in Caco2 cells at or above 6 µM, whereas PBIT induced significant toxicity at or above 60 µM. These results demonstrate that PBI-Se is more potent than PBIT.
Effect of PBI-Se and PBIT on apoptosis in Caco2 cells.
We observed apoptotic bodies by staining the cells exposed to PBIT or PBI-Se with ethidium bromide and acridine orange. The population of apoptotic cells was enhanced significantly (P<0.0002) in the PBI-Se-treated cells. As shown in Fig. 2D PBI-Se induced apoptosis in Caco2 cells in a dose-dependent manner (5.6% at 2 µM, 24% at 4 µM and 60% at 6 µM vs. the untreated cells).
Effect of PBI-Se and PBIT on IL-6 and IL-8 in Caco2 cells
induced with a cytokine mixture. The inflammatory cytokine response (IL-6 and IL-8) was measured in 3-week cultured Caco-2 cells induced with the cytokine mixture (TNFα plus IL-1β + IFNγ). We identified basal IL-8 production in CaCo2 cells, whereas no IL-6 production was noted in the control cells (in the absence of stimulation with the cytokine mixture). As shown in Fig. 3A , stimulation with the cytokine mixture for 24 h caused a significant induction in IL-6 and ~50-fold increase in IL-8. Treatment with PBIT (30 and 60 µM) significantly decreased IL-6 at both doses tested, whereas treatment with PBI-Se caused a significant dose-dependent increase in cytokine-induced IL-6. There was no blockage of IL-8 by either drug. Taken together, the results indicate that inflammatory responses are increased by treatment of Caco-2 cells with the cytokine mixture and that PBIT, but not PBI-Se, can block the IL-6 component of the response.
Effect of PBI-Se and PBIT on expression of IL-6 and IL-8 in CaCo2 cells induced with LPS.
We also incubated CaCo2 cells with LPS, in the presence or absence of NOS inhibitors PBIT or PBI-Se for 24 h. PBIT significantly attenuated the LPS-induced IL-6 and IL-8 production in a dose-dependent manner. PBI-Se also dose-dependently attenuated LPS-stimulated IL-6 production but not LPS-stimulated IL-8 production (Fig. 3B) , whereas, both the drugs decreased endogenous production of IL-8 in CaCo2 cells (Fig. 3C) .
Effect of PBI-Se and PBIT on iNOS and cyclin D1 in CaCo2 cells. A significant dose-dependent decrease in cyclin D1
protein expression was observed with both iNOS inhibitors, suggesting inhibition of cell cycle progression (Fig. 3D) . As expected, treatment of Caco2 cells with PBI-Se and PBIT caused a significant inhibition of cytokine-induced iNOS protein expression (Fig. 3E) .
Effect of PBI-Se on ACF formation in rats.
An initial examination of the effect of PBI-Se on AOM-induced colon carcinogenesis was carried out in rats. Efficacy endpoints used were inhibition of total ACF number as well as reduction in the number of multicrypt clusters (4 or more) of aberrant crypts. Rats that were treated with saline and fed the control or experimental diets showed no evidence of ACF formation in the colon (data not shown). In rats fed the control diet, AOM treatment induced, on average, ~130 ACF/colon, out of which 32 foci contained multiple (4 or more) aberrant crypts/focus (Fig. 4A ). ACF were observed predominantly in the distal colons. PBI-Se was found to be an effective inhibitor of total ACF/colon (32-41%, P<0.001) and of multicrypt clusters containing 4 or more crypts/focus (29-47%, P<0.001) (Fig. 4B) .
Effect of PBI-Se on PMNs in spleen.
Selenium is essential for cell mediated immunity which includes destruction of neoplastic cells (24) . Hence, the effect of selenium in the diet on the number of PMNs was analyzed in the spleens of rats fed with the PBI-Se diet. Supplementation of rat diets with PBI-Se increased the percentage of PMNs in the spleens (P<0.002; Fig. 4C and D) .
Discussion
In a quest to identify and characterize better compounds for chemoprevention, an isosteric selenium analog of the known iNOS inhibitor PBIT, was synthesized and tested in vitro and in vivo along with PBIT for comparison. PBI-Se and PBIT both caused a decrease in proliferation of Caco2 intestinal epithelial cells attributable to inhibition of DNA synthesis (Fig. 2) . The IC 50 for inhibition by PBI-Se was 3-4 µM, which is consistent with previously published data showing growth inhibition in melanoma cell lines (25) . Cell cycle arrest can be achieved by a decrease in the levels of cyclins and/or associated cyclin-dependent kinases (CDKs) (26) and this is evident in the Caco2 cell line by a decrease in cyclin D1 protein expression with both PBI-Se and PBIT (Fig. 3D) .
Intestinal epithelial cells have the potential to express and secrete a wide array of inflammatory cytokines (including chemokines such as IL-8), which may function as signals to neighboring immune and inflammatory cells, initiating and amplifying an ongoing acute immune response (27) (28) (29) . Numerous studies have shown that IL-8 and iNOS may be expressed in a variety of cells in the setting of inflammation. It has been reported that selenium supplementation in individuals results in induction of TNFα, IL-1β, IL-8, superoxide dismutase (SOD)2, chemokine (C-X-C motif) ligand 2 (CXCL2) and several other immunological and oxidative stress-related genes (30) . IL-8 was reported to inhibit significantly the growth of intraperitoneal and subcutaneous tumors induced by transplantation of K562 cells and to induce cell death by apoptosis in these cells in vivo (31, 32) . IL-8 production can be increased after stimulation with a mixture of IL-1β, IFNγ and TNFα in a variety of cells (33, 34) .
Previous studies also demonstrated that Caco-2 cells grown in a non-co-culture system increased IL-8 protein and mRNA in response to a wide range of LPS concentrations (20) . We observed high endogenous expression of IL-8 in unstimulated Caco2 cells and enhanced expression when the cells were stimulated with a mixture of IL-1β, IFNγ and TNFα or with LPS ( Fig. 3A and B) . Both PBIT and PBI-Se inhibited control endogenous IL-8 production (Fig. 3C) . PBIT inhibited LPS-stimulated IL-8 production but not the cytokine-stimulated IL-8 production, whereas comparable growth inhibitory concentrations of PBI-Se did not decrease IL-8 in either stimulation condition (Fig. 3A and B) . These results suggest that LPS and proinflammatory cytokines use different cell signaling pathways in colon cancer epithelial cells and that PBI-Se, unlike PBIT, does not interfere with LPS-enhanced IL-8 production. The induction of IL-8 has important biologic consequences for control of tumor growth. Lee et al (35) showed that the introduction of IL-8, a chemoattractant for neutrophils, basophils and a subset of T-cells, into human ovarian tumors resulted in massive granulocytic and monocytic infiltration and subsequent reduction or elimination of tumor growth. Very high levels of IL-8 can be associated with increased risk of death (36) (in which cases, PBIT but not PBI-Se might be efficacious in decreasing the toxicity). IL-8 is an important mediator of the innate immune system response and maintenance of this chemokine by PBI-Se but not PBIT in the presence of LPS supports previous findings of the beneficial effects of selenium on the immune system. The results also are consistent with the observation that people with acute and severe illness who develop inflammation and widespread infection often have decreased levels of selenium in their blood (37) .
A more dramatic difference between PBI-Se and PBIT was observed in their effects on IL-6 production. PBIT decreased both LPS-and cytokine-stimulated IL-6 production. At comparable growth inhibitory concentrations, PBI-Se had a significant effect on the large LPS-induced IL-6 production and actually increased the lesser cytokine-induced IL-6 production. IL-6 is one of the major mediators of the inflammatory response and is implicated in inflammation, tumor growth and angiogenesis. In patients with active ulcerative colitis, there are increased concentrations of IL-6 and IL-8 in the mucosa (38) . These results suggest that PBI-Se is able to inhibit only the LPS-induced activation pathway. These divergent effects of PBIT and PBI-Se on IL-6 production require further investigation but suggest that PBI-Se and PBIT have different mechanisms of action and may have different chemopreventive/therapeutic niches. Blunting production of proinflammatory cytokines and/or enhancing anti-inflammatory factors to obtain a balance may become very important. Our results confirm previous findings that show that PBIT suppressed the inducible isoforms of NOS and cyclooxygenase (COX) and also that PBI-Se was effective in inhibiting both iNOS and cyclin D1. These two agents demonstrate that they reduce inflammatory responses in intestinal epithelial cells.
There is a great deal of evidence indicating that selenium supplementation at high levels reduces the incidence of cancer in animals. More than two-thirds of over 100 published studies in 20 different animal models of spontaneous, viral, and chemically induced cancers found that selenium supplementation significantly reduces tumor incidence (39) . Observational studies indicate that death from cancer, including lung, colorectal and prostate cancers, is lower among people with higher blood levels or intake of selenium (40) (41) (42) (43) (44) (45) (46) . The incidence of prostate, colorectal and lung cancer was notably lower in the group given selenium supplements (47) . In the present study, PBI-Se was more potent than PBIT at inhibiting Caco2 growth in vitro and administration of PBI-Se provided up to 41% inhibition of AOM-induced total ACF formation, and suppression in growth of foci with 4 or more crypts by ≥47%. These results clearly support the potential colon tumor inhibitory properties of PBI-Se (Fig. 4A and B) . However, a previous study showed that dietary administration of Se-free PBIT at 50 ppm could suppress the total number of ACF/colon by ~58% and aberrant crypt multiplicities by 78%, compared with a control diet (18) . Although differential inhibition of IL-6 and IL-8 by the two inhibitors may contribute to the apparent reversal in order of efficacy of the two iNOS inhibitors in vivo, the difference may be due to different experimental designs. In the present study, animals were fed PBI-Se after the AOM injections, whereas in the previous study, PBIT was administered before AOM treatments. Also, the PBI-Se dose used here post-initiation was 50% less than the dose of PBIT used previously in the chemoprevention protocol. Our pre-clinical results are consistent with previous clinical observations with other forms of selenium (selenomethionine) showing lowered risk of developing prostate, lung and colorectal cancer in a large scale cancer prevention trial (48) . Although the exact mechanism by which PBI-Se acts cannot be determined, the present findings highlight the need for further research on the potential interactions between epithelial cells and immune cells under different inflammatory conditions with activation of varied signaling pathways.
Certain breakdown products of selenium have been suggested to prevent tumor growth by enhancing immune cell activity and suppressing development of blood vessels to the tumor (49) . There is accumulating evidence that selenium deficiency may contribute to the development of a form of heart disease, hypothyroidism, and a weakened immune system (50, 51) . At the doses used, the selenium in PBI-Se may have enhanced immune system function and affected carcinogen metabolism. Selenium is an essential component of thyroid metabolism and antioxidant defense, as well as immune function. It appears to improve activation and proliferation of B-lymphocytes and to enhance T-cell function. It is also involved in several key metabolic activities through selenoprotein enzymes that protect against oxidative damage (52) . In one randomized study of free-living, healthy humans (57-84 years of age), those given 400 mcg/day of selenium for 6 months had a 65% increase in T cells, particularly CD4 cells, and a 58% increase in NK cell cytotoxicity (53) . Studies on the effects of selenium deficiency on HIV connected selenium levels to T cell function and apoptosis suggesting that selenium may enhance resistance to infection by modulating IL production and T helper cell responses (54) . The increased number of PMNs in the PBI-Se-treated rat spleens suggests an effect on immune cells which may have an important role in inducing apoptotic effects in the colon cancer cells.
Recently, a large randomized, placebo-controlled intervention study, the SELECT study, found that 200 mcg/day of selenium did not alter the risk of prostate cancer (55) . However, a phase III clinical trial at NIH using selenium for chemoprevention therapy to try to prevent the development of neoplasia in the prostate is underway. Animal studies suggest that mammary tumors are significantly reduced by selenium, and a study in women that should yield more definitive information on this relationship is presently underway (56) . The present study shows that PBI-Se is a more potent growth inhibitory agent in vitro than its isosteric sulfur analog PBIT and that it does not decrease cytokine-or LPS-stimulated IL-8 production. Both in vivo and in vitro data support the development of PBI-Se for prevention and treatment of colon cancer.
